The capability of 2D IR spectroscopy to elucidate time-evolving structures is enhanced by a programmable mid-IR pulse shaper that greatly improves the ease, speed, and accuracy of data collection. Traditional ways of collecting 2D IR spectra are difficult to implement, cause distorted peak shapes, and result in poor time resolution and/or phase problems. We report on several methods for collecting 2D IR spectra by using a computer-controlled germanium acoustooptic modulator that overcomes the above problems. The accuracy and resolution of each method is evaluated by using model metal carbonyl compounds that have well defined lineshapes. Furthermore, phase cycling can now be employed to largely alleviate background scatter from heterogeneous samples. With these methods in hand, we apply 2D IR spectroscopy to study the structural diversity in amyloid fibers of aggregated human islet amyloid polypeptide (hIAPP), which is involved with type 2 diabetes. The 2D IR spectra reveal that the ␤-sheet fibers have a large structural distribution, as evidenced by an inhomogeneously broadened ␤-sheet peak and strong coupling to random coil conformations. Structural diversity is an important characteristic of hIAPP because it may be that partly folded peptides cause the disease. This experiment on hIAPP is an example of how computer generation of 2D IR pulse sequences is a key step toward automating 2D IR spectroscopy, so that new pulse sequences can be implemented quickly and a diverse range of systems can be studied more easily.
T wo-dimensional infrared (2D IR) spectroscopy is becoming a very useful tool for probing the fast structural dynamics of chemical and biological systems (1) (2) (3) . Analogous in many ways to 2D NMR spectroscopy, 2D IR spectroscopy probes molecular structures by means of vibrational frequencies, couplings, and transition dipole angles (4) (5) (6) (7) (8) . Environmental dynamics are probed through lineshape analysis (9) (10) (11) . The combination of structural sensitivity and fast time resolution (fs/ps) makes this technique and its variants (3, (12) (13) (14) especially adept at monitoring the dynamics of evolving structures or the kinetics of chemical reactions (15) (16) (17) (18) . Although 2D IR spectroscopy is a powerful technique, implementing it is technically challenging. In a typical 2D IR spectrometer, each pulse has its own optical path composed of several mirrors to route the beam to the sample and a mechanical delay stage that controls the time delay by changing the physical length of the optical path. All of the pulses have the same frequencies and shapes unless additional optics are added, such as an etalon to narrow a pulse bandwidth (4, 19) or a second mixing crystal to generate pulse sequences with two center frequencies (20, 21) . Thus, implementing even the simplest pulse sequence is a tremendous amount of work. This is in sharp contrast to 2D NMR spectroscopy, in which NMR pulse sequences are easily programmed with precisely set frequencies, time delays, phases, and intensities. As a result, it is straightforward in NMR to change the pulse sequences or add additional pulses to create the best spectrum for measuring the desired information. Here, we take a step closer to making 2D IR more like 2D NMR spectroscopy. Using a mid-IR pulse shaper recently developed by our group (22, 23) , we can now programmably generate 2D IR pulse sequences with controlled phases, delays, and shapes. Using traditional 2D IR methods as a starting point, we improve on their accuracy, speed, and ease of implementation with several alternative pulse sequences optimized to maximize the structural content of the spectra. We test these pulse sequences on two metal carbonyl systems and then apply them to study amyloid fibers formed from the human islet amyloid polypeptide (hIAPP).
Hamm, Lim, and Hochstrasser (4) collected the first 2D IR spectrum in 1998 by using a hole-burning approach (Fig. 1a) . They monitored the changes in the intensity of the protein carbonyl stretch band (amide I band) while using an etalon to scan a narrowband mid-IR pulse across the protein absorption spectrum. Changes in intensity indicate coupled vibrational modes, which appear as cross-peaks when plotted in a 2D representation. In 2000, Hochstrasser and coworkers (9) implemented a pulsed version of 2D IR spectroscopy, based on simulations by Zhang et al. (12) , that is analogous in many ways to modern pulsed 2D NMR spectroscopy (Fig. 1b) . The pulsed version uses a sequence of femtosecond mid-IR pulses to coherently excite the sample. The resulting photon echo (or free induction decay) is measured and Fourier-transformed to give the 2D IR spectrum. Both versions of 2D IR spectroscopy are now being used in many research laboratories around the world. As the field has evolved, the strengths and weaknesses of each approach have become apparent; the pulsed version is more versatile and has better time resolution than the hole-burning method, but it is also harder to accurately implement and the spectra must be carefully phased. We have used a mid-IR pulse shaper to realize several alternative methods for collecting 2D IR spectra that overcome many of the weaknesses of the two original methods. With this shaper, new pulse sequences are straightforward to implement, spectra are properly phased, and high time resolution is retained. In essence, we have combined the strengths of the two original methods while adding many unique capabilities.
The mid-IR pulse shaper used here was designed recently, based on similar devices that operate in the visible frequency range (24) . Femtosecond mid-IR pulses that enter the shaper have the phases and amplitudes of their spectrum tailored so that they exit with the desired shape. In this manner, one pulse can be turned into a train of pulses with computer-controllable characteristics, as is done in NMR. Here, we describe the use of our shaper to collect 2D IR spectra in several ways. First, we reproduce the original hole-burning method for collecting 2D IR spectra by mimicking the pulse shape created by an etalon (25) . Etalons narrow the bandwidth of the mid-IR pulses as desired, but also cause the pulses to have exponentially long tails in time (Fig. 1a) , which can distort the 2D IR spectra, as we show. Second, we improve on this method by using pulses with different time and frequency shapes that cause less spectral distortion and have better signal strengths ( Fig. 1 c and d) . Third, we implement a variation of the pulsed method for collecting 2D IR spectra. Pulsed methods are preferable to hole-burning because they have the best possible time resolution, which is a necessary attribute when fast structural changes, such as solvent exchange dynamics, need to be measured (11, 16, 17) . However, the traditional pulsed method, unlike its hole-burning counterpart, does not automatically generate absorptive spectra or spectra that are properly phased. Instead, two separate 2D IR spectra must be collected by using different pulse sequences and be added together to generate absorptive features and optimal spectral resolution (26) . Performing this addition is tricky and requires an appropriate pump-probe spectrum (27) , which does not exist for all pulse sequences. Furthermore, implementing the traditional pulsed method is more challenging because it requires four separate optical paths, one for each pulse in the pulse sequence. Our version of the pulsed method uses two beams rather than four, one of which passes through our shaper to generate a femtosecond pulse pair (Fig. 1e) . Because the pulses are collinear and their relative time delays are perfectly set, absorptive 2D IR spectra are automatically generated with proper phases. Thus, our collinear method retains the best aspects of both techniques: properly phased absorptive spectra with ultrafast time resolution.
Here, we first apply our approaches to a model system, W(CO) 6 , that has a narrow absorption band and a large anharmonicity. This system allows us to compare the resolution, phase, and spectral distortions for each method. We then measure the 2D IR spectrum of hIAPP fibrils in D 2 O. hIAPP fibers are involved in the disease mechanism of type 2 diabetes but are difficult to study with traditional 2D IR techniques because the fibers scatter light, which obscures the desired signal. We collected a 2D IR spectrum of hIAPP fibers by phase-cycling the pump pulses to shift the observed frequency of the scatter, leaving a high-resolution spectrum of hIAPP. The resulting 2D IR spectra are representative of ␤-sheet conformations with vibrational modes localized over several strands, although strong inhomogeneous broadening indicates significant structural variation. Phase-cycling capabilities allow 2D IR spectra to be better applied to heterogeneous samples such as fibers and membranes. Fig. 2 are four series of 2D IR spectra collected for W(CO) 6 solvated in hexane. Each series is generated by using a different pump shape. W(CO) 6 has three degenerate modes at 1,983 cm Ϫ1 that are created by antisymmetric stretches of the metal carbonyl groups. The intrinsic linewidth of the asymmetric stretch band is 4.4 cm Ϫ1 FWHM and is Lorentzian-shaped. Although solvent interactions can break the degeneracy of these three modes, the interactions are small enough in hexane (solvent) that we treat the modes identically. The first series of 2D IR experiments mimic the spectra that would be generated had an etalon been used to narrow the pump spectrum. An etalon generates a Lorentzian-like spectrum according to
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where R is the reflection coefficient of the mirrors in the etalon and ⌬ is the path difference between each proceeding reflection (25) . To generate the 2D IR spectra in Fig. 2a , we set the bandwidth to 4.6 cm Ϫ1 , scanned 0 , and plotted the change in absorption of the probe with and without the pump. 2D IR spectra were collected at three different pump-probe delay times: T ϭ 2,000, 1,000, and 200 fs. At T ϭ 2,000 fs, a negative and positive peak pair is observed (blue and red, respectively, in Fig. 2 ). The negative peak appears along the diagonal with pump ϭ probe ϭ 1,983 cm Ϫ1 , which is the fundamental frequency of W(CO) 6 . The positive peak is shifted by ⌬ probe ϭ 13.3 cm Ϫ1 , which is the anharmonicity of the W(CO) 6 antisymmetric stretch (28) . The FWHMs of the peaks are 13.4 cm Ϫ1 along pump and 5.3 cm Ϫ1 along probe (16.5 and 7.5 cm Ϫ1 , respectively, for the first overtone). This spectrum has many desirable characteristics. The spectrum is properly phased, without any postdata corrections, and the peaks have absorptive lineshapes. However, the peaks are broader than the intrinsic W(CO) 6 linewidth, especially along pump , and the spectra exhibit aberrations that become especially grievous for T ϭ 200 fs. With regard to the widths, the width along probe is a convolution of the intrinsic linewidth with the monochromator resolution (2.2 cm Ϫ1 ), whereas the width along pump involves a convolution with the pump bandwidth (4.6 cm Ϫ1 ). The monochromator resolution can be improved with a different grating, but narrowing the pump bandwidth leads to larger aberrations because the aberrations are caused by the pump pulse overlapping in time with the probe pulse. An etalon narrows the pump pulse bandwidth, but doing so causes the pulse to have an exponential-like decay in the time domain (Fig. 1a) . For the pump bandwidth of 4.6 cm Ϫ1 used here, the exponential tail has a time constant of 1.2 ps. Thus, the spectra become distorted for T ϭ 1,000 and 200 fs because the probe overlaps with the exponential tail of the pump. Distortion can be avoided by collecting spectra with T delays longer than the exponential decay, but the signal strength decreases proportionately because of population relaxation. Thus, many applications are best done with T delays as short as possible.
On the basis of the characteristics of the etalon-style 2D IR pump-probe spectra, we have explored several other pump shapes to minimize the pump and probe temporal overlap. With our pulse shaper, we can generate any frequency-and phasetailored pump shape within the confines of the mid-IR bandwidth and the shaper resolution (22, 23) . Shown in Fig. 2b are three 2D IR spectra collected by using a ''time-reversed'' etalon, generated by changing the sign of the exponential in Eq. 1. The pump pulse frequency distribution is identical for the normal vs. the time-reversed etalon. The difference is that the shape of the pulse is reversed in the time domain (Fig. 1c) . Thus, the pump and probe pulses do not overlap until much shorter time delays, resulting in smaller peak distortions. Because T can be smaller without causing distortions, the signal strength is also stronger for a time-reversed etalon pulse shape. The improvement in signal strength is not very dramatic for W(CO) 6 because the vibrational lifetime is 140 ps, but for the amide I band of a peptide or protein, for which the vibrational lifetime is Ϸ1,400 fs, a 3ϫ enhancement in signal strength would occur for T ϭ 200 vs. 1,800 fs.
We also collected 2D IR spectra by using a Gaussian-shaped pump pulse, shown in Fig. 2c . For these spectra, we set the FWHM of the Gaussian spectrum close to the etalon-style pump (FWHM ϭ 7.0 cm Ϫ1 ) and the phase to zero, so that the pulse is transform-limited with 2.2 ps FWHM. The resulting spectra are similar in some respects to the time-reversed etalon. The peaks have the correct phases and little distortion, even at T ϭ 200 fs. The main difference is that the peak shapes along pump now have Gaussian, rather than Lorentzian, profiles and thus better resolution. The change in profile occurs because the measured spectrum is a convolution of the natural system response with the pump pulse (see Discussion). Because the natural linewidth of W(CO) 6 (4.4 cm Ϫ1 ) is much narrower than the FWHM of the pump pulses, the measured spectrum closely resembles the shape of the pump. Gaussian-shaped pump pulses are a better choice than Lorentzians because Gaussians decay to baseline more quickly. A comparison of the peak profiles along pump is shown in supporting information (SI) Fig. 4 .
The fourth method we report here more closely resembles the pulsed 2D IR method of Hochstrasser and coworkers (6, 9, 12) , except that the experiment is performed in a pump-probe beam geometry. In this method, the pulse shaper is used to create two transform-limited Gaussian pulses. Rather than scanning the frequencies, as was described above, the 2D IR spectrum is instead generated by collecting the signal as a function of the time delay between the two pulses, , and Fourier-transforming it to give the pump axis. To mimic the way that pulse delays are typically generated using translation stages, the phases of the two pump pulses inside their respective envelopes were held constant ( 1 ϭ 2 ϭ 0). The resulting spectra are shown in Fig. 2d for ϭ 0-10,000 fs, in 14-fs steps. As in the hole-burning methods, the spectra are automatically phased and have absorptive lineshapes, but now the narrowest W(CO) 6 pump linewidth is measured and there is no discernable distortion in the peaks, even at T ϭ 200 fs. Thus, we are able to generate the ideal 2D IR spectrum in a straightforward manner. As is explained in more detail below, this pulsed method retains the phasing and absorptive features of the pump-probe spectra because both rephasing and nonrephasing signals are collected simultaneously and the timezeros of the pulse delays are perfectly set, resulting in a properly phased spectrum. Moreover, femtosecond pump pulses allow linewidths closest to the intrinsic resolution to be measured. We also point out that the peak shapes are symmetrical about pump and that there are no spurious ghost images, indicating that the shaper time resolution is sufficiently accurate. Asymmetric shapes and ghost images are common problems that occur when 2D IR spectra are collected by using translation stages to increment the time delays (29, 30) . In SI Fig. 5 , examples of 2D IR spectra that exhibit diagonal and cross-peaks are shown for a Ni metal dicarbonyl collected by using the Gaussian and pulse-pair pump methods. Finally, we present 2D IR spectra of hIAPP fibrils in D 2 O, as shown in Fig. 3 along with the FTIR spectrum of the same sample. The 2D IR spectrum was collected using the pulse-pair method described above, with a slight alteration. hIAPP forms fibrils Ϸ100 nm in diameter and up to several microns in length (31) . As a result, the sample scatters the mid-IR pump beam, which interferes with the desired spectrum. Scatter can be subtracted or filtered from the data after the experiment is complete, so long as the scatter phase and intensity are constant throughout data collection. This is not always the case, especially during folding studies in which aggregation or fiber elongation occurs. Rather than postcorrecting our data, we instead remove scatter during the experiment by cycling the phase of the pump pulses. For the hIAPP spectrum shown in Fig. 3 , we incremented the pump pulse phases by ⌬ 1 ϭ ⌬ 2 ϭ /15 for each delay while leaving the relative phase unchanged, 1 Ϫ 2 ϭ 0. Because the scatter depends on the absolute phase, whereas the nonlinear signal depends on the relative phase, the observed frequency of the scatter is shifted away from the desired 2D IR spectrum. The features of this spectrum are discussed below.
Discussion
All of the methods described here for generating 2D IR spectra rely on the same principles (32) . At least three interactions are required between the pulse sequence and the sample to generate a 3rd-or higher-order signal field. If each pulse in the sequence interacts with the sample just once, then a minimum of three pulses are necessary. Alternatively, a 2D IR spectrum can be generated from only two pulses if one pulse interacts with the sample twice. Either way, the probe pulse is one of these three interactions, which also serves to heterodyne the emitted field for phase-sensitive detection. The resulting heterodyned signal is Fourier-transformed by the monochromator and collected in the frequency domain. The measured signal can be written as
where E 1 , E 2 , and E probe are the three necessary electric fields; R n (, T, t) are the vibrational and orientational responses of the system that contains the desired molecular information; and Rs represent convolutions of the electric fields with R n (, T, t). In the first three methods described above that use various forms of hole-burning ( Fig. 1 a, c, and d) , the pump beam interacts twice with the sample, accounting for both E 1 and E 2 in Eq.
2.
The second frequency dimension is generated by narrowing the bandwidth of the pump pulse and scanning its center frequency, thereby integrating the signal in Eq. 2 for ϭ 0. In the fourth method (Fig. 1e) , the pulses all have broad bandwidths and the 2D IR spectrum is instead generated by Fourier-transforming the signal along by means of
[3]
The molecular response is a sum of so-called rephasing and nonrephasing signals:
where each term in the summation corresponds to a different Feynman pathway that creates a peak in the 2D IR spectrum. To generate absorptive spectra, R n rephase and R n nonrephase must be measured, phased, and added (26, 27) . When three pulses are used that each have a unique wavevector, such as in a boxcar configuration, then R n rephase and R n nonrephase must be measured separately because they appear in spatially distinct directions as a result of phase-matching. In the pump-probe phase-matching geometry used here, R n rephase and R n nonrephase are measured simultaneously because they are emitted in the same direction. Furthermore, because E probe serves as both an excitation and a heterodyning pulse, and because the time-zeros of the E 1 and E 2 pulses are perfectly set, the measured signal is correctly phased.
Because all four methods presented here measure the same molecular response, R n (, T, t), the 2D IR spectra all contain the same dynamical and structural information. The differences arise in the convolution of the molecular responses with the envelopes of the electric fields E 1 and E 2 . In the first three methods, E 1 and E 2 are generated by the same pump pulse whose bandwidth is narrowed to about the homogeneous linewidth of the sample. Thus, the time evolution of the molecular response is convoluted over temporally extended pump pulses, limiting the time resolution of the technique to the temporal width of the pump pulse. The differences in the first three methods arise in the temporal envelopes of the pump pulses, as shown in Fig. 1 . For the etalon-style method, the E 1 and E 2 envelopes are exponential decays. Thus, for a given T delay such as T ϭ 2,000 fs, the measured signal contains contributions to the molecular response for all 2,000 Ն T Ն 0, albeit with smaller contributions. When the exponential tail extends past T ϭ 0, then other Feynman pathways contribute to the signal and are responsible for the peak distortions shown in Fig. 2 along with nonresonant effects. The advantage of the reverse-etalon method over a standard etalon is that the pulse envelope extends away from the probe pulse rather than toward it. This orientation has two advantages. First, the T delay can be much smaller without contributions from nonresonant signals and other molecular responses. Second, the signal from the exponential tail for T Ն 2,000 has diminishing importance because of population relaxation, whereas the signal from the exponential tail of a traditional etalon is enhanced because smaller T times correspond to stronger signal strengths. Distortion and unwanted Feynman pathways also contribute to Gaussian pump pulses, but only at small T delays when the pump and probe pulses overlap. The other advantage of Gaussian over etalon-style pulse shapes is that the convolution results in 2D IR spectra with Gaussian rather than Lorentzian lineshapes. Gaussian lineshapes are preferable because their profiles do not extend over as large a frequency range as Lorentzians of the same FWHM. Eliminating long Lorentzian tails improves the spectral resolution in 2D IR spectra of peptides and other molecules with multiple absorption bands in which the long tails can spectrally interfere. Many other pulse shapes might be useful as well.
In contrast to the first three frequency-scanning methods, the fourth method operates solely in the time domain. Because E 1 and E 2 are collinear, the R n rephase and R n nonrephase signals are emitted collinearly with the probe pulse, resulting in absorptive spectra, as in the first three methods. However, the pulse pairs in the pump beam are transform-limited and have the maximum bandwidth possible, resulting in optimal time resolution. With the fourth method, structural dynamics can be measured to Ϸ50 fs accuracy (limited by the time duration of our mid-IR pulses), as compared with 2-3 ps for the first three methods. This method also gives the best frequency resolution because the molecular response can be measured for many picoseconds, resulting in a high-resolution Fourier transform. Furthermore, measuring the spectra in this manner alleviates many experimental uncertainties associated with the traditional four-beam setup. In the four-beam setup, the temporal overlaps cannot be perfectly calibrated, resulting in improperly phased spectra (26, 27) . The pump-probe style of pulsed 2D IR spectroscopy alleviates this difficulty. Thus, this method has the best possible combination of time resolution, frequency resolution, and phase accuracy.
Advantages of Pulse-Shaping 2D IR Spectroscopy. Besides its improved accuracy and ease of implementation, 2D IR spectroscopy by means of pulse-shaping has several other advantages. First, data collection is much more rapid. In addition to the obvious advantage of only having to collect a single spectrum rather than two (a rephasing and a nonrephasing spectrum), in a traditional setup most of the data collection time is spent moving the translation stages to increment the time delays. Because there are no moving parts and the time delay can be incremented for each laser shot, data collection is extremely efficient. We can collect a high signal-to-noise hIAPP spectrum in as little as Ϸ70 s, and this rate could be reduced further with a higher repetition-rate laser system. Second, more complicated pulse sequences can now be explored easily. The experiments presented here are all based on third-order responses of the sample to the incident electric fields. Trains of five pulses could be used to measure higher-order correlations, non-Gaussian frequency fluctuations, and 3D IR spectra, which have recently been reported (14, 30, 33) . Generating the two additional pulses necessary to implement these experiments is trivial with our pulse shaper, but can be very tedious using traditional optics. Third, phase-cycling can also now be applied to select particular Feynman paths (34) , to isolate higher-order responses, or to average-out background scatter, as was done with hIAPP. Removing scatter should be especially advantageous in heterogeneous membrane systems. Fourth, it should be possible to simplify and more precisely measure the 2D IR spectra of complex molecules by actively controlling vibrational populations (35) . We have recently found that we can selectively populate vibrational levels in a metal carbonyl system with properly shaped and intense mid-IR pulses (D.B.S., S.-H.S., and M.T.Z., unpublished data). Finally, our approach of using shaped beams to collect multidimensional spectra is not limited to the IR. Phase stability is much harder to achieve in 2D electronic spectroscopy because of the shorter wavelengths, but it should be possible to collect 2D electronic spectra straightforwardly by using the methods described here with common and commercially available visible pulse shapers (37) (38) (39) (40) .
Structural Diversity of hIAPP Fibers. hIAPP consists of 37 amino acids and forms long fibers in the ␤-cells of the pancreas. Although the disease mechanism is not understood, there is much interest in the structural diversity of hIAPP because aggregated, prefibrillar forms of hIAPP are more cytotoxic than fully formed fibers (41) . Two-dimensional IR spectroscopy provides a good means for monitoring structural diversity because structural heterogeneity causes broad distribution of couplings and hydrogen bond strengths that are reflected in the shapes and intensities of the diagonal and cross-peaks. The 2D IR spectrum of the amide I band of hIAPP (the carbonyl stretch of the peptide backbone) consists of a doublet with a negative peak at pump ϭ probe ϭ 1,620 cm Ϫ1 (Fig. 3) . This peak corresponds to the antisymmetric stretch mode (␣-) of a ␤-sheet. There is also a long negative feature extending to 1,670 cm Ϫ1 along the diagonal that is created from random coil conformations. Cross-peaks appear along pump at probe ϭ 1,610 cm Ϫ1 that extend up to 1,660 cm Ϫ1 , indicating that the random coil and ␤-sheet conformations are coupled. It is common to observe cross-peaks that are more intense on one side of the diagonal than the other in 2D IR spectra when multiple conformations are present (42) . An atomic-level structure of hIAPP fibrils does not exist, but it is known that they have a cross ␤-strand conformation similar to amyloid fibers associated with other diseases, such as Alzheimer's (43, 44) . The ␤-sheet structure of amyloid fibers is consistent with the features in the 2D IR spectrum. However, the 2D IR spectra also provide strong evidence that the fibrils are structurally disordered. The ␤-sheet peaks at 1,620 cm Ϫ1 are elongated along the diagonal, which is indicative of a large inhomogeneous distribution caused by a diverse structural ensemble (45) . Furthermore, cross-peaks to a symmetric ␤-sheet stretch mode are also absent, which is a prominent feature in typical ␤-sheet proteins such as Con A (45), again suggesting large amounts of disorder. It is possible that the fibers are undergoing dynamical ␤-sheet rearrangements that intermix the ␤-sheet and random coil conformations (46) . Dynamics like this would be consistent with the broad and intense cross-peaks that appear between the ␤-sheet and random coil conformations and indicate strong but disordered vibrational coupling. Further experiments that use polarization and isotope labeling will help to ascertain more quantitative information. Quantitative simulations will also require better characterization of vibrational coupling between stacked ␤-sheets, although coupling across 2D ␤-strands is rather well understood (36, 45, 47) . Nonetheless, this 2D IR spectrum indicates that hIAPP amyloid fibers have a large structural distribution of secondary, and perhaps quaternary, stacking structures that create strong cross-peaks and elongated diagonal peaks in the 2D IR spectrum. It will be of much interest to use these features as structural markers in future experiments that monitor the time-resolved folding of hIAPP into amyloid fibers.
Methods
Femtosecond mid-IR pulses are generated by difference frequency mixing the signal and idler beams from an optical parametric oscillator that is pumped by a 45-fs Ti:sapphire regenerative amplifier running at 1 kHz. The resulting pulses have bandwidths Ͼ320 cm Ϫ1 at 5 m and Ͼ220 cm Ϫ1 for 6-m (Ͻ55-fs) pulses with energies of 4-5 J. About 50 nJ are used for the probe beam; the remaining light passes through the pulse shaper to generate the pump beam. The shaper consists of a pair of diffraction gratings, a pair of cylindrical mirrors, and a Ge acoustooptic modulator (AOM) set in a standard 4-f geometry (22) . Pulses are shaped by generating an acoustic wave in the AOM with a 300 million samples per second arbitrary waveform generator (AWG). The acoustic wave deflects particular frequencies with set amplitudes and phases, depending on the desired pulse shape. The shaper has 190 resolvable frequency elements under our current optical setup, although this can be expanded to 500 elements with tighter focusing. The resulting pump pulses are Ϸ0.8 J at Ϸ6 m and Ϸ1.5 J at Ϸ5 m. Because it takes only 10 s for the acoustic waves to propagate through the AOM, compared with the 1-ms duty cycle of the laser system, a different pump shape can be generated for each laser shot. The AWG has 1 Mbyte of memory, which is sufficient to hold 338 different pulse shapes that can be cycled automatically without pausing data collection to upload new waveforms. In the pulsed method described above, pulse pairs with time separations of up to 35 ps can be generated. The probe is dispersed in a monochromator and collected on a 32-channel array detector to give a frequency resolution of 2.2 or 5.2 cm Ϫ1 with gratings of 150 and 75 lines per millimeter, respectively. The samples have a thickness of 56 m. For the metal carbonyl compounds, the concentration is set to give an optical density of 0.3. hIAPP was obtained from Bachem (Torrance, CA), dialysized to remove residual trifluoroacetic acid, solvated in D 2 O for an optical density of 0.1 (1 mM with a 56-m sample thickness), and allowed to equilibrate into folded amyloid fibers. All spectra are collected with pump and probe pulses vertically polarized.
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